Abstract Visually scored and power spectral analyses (PSA) of polysomnography (PSG) recordings reveal abnormalities in alcohol dependence (AD) and major depressive disorder (MDD), including deficiencies in slow wave activity (SWA) during non-rapid eye movement (NREM) sleep. SWA parameters reflect the integrity of the homeostatic sleep drive, which have not been compared in those with AD or MDD. Ten men with AD were compared with 10 men with MDD and 10 healthy controls (HCs), all aged 20-40 years. They maintained an 11 pm to 6 am sleep schedule for 5-7 days, followed by 3 consecutive nights of PSG in the laboratory: night 1 for adaptation/screening; night 2 for baseline recordings; and night 3 as the challenge night, delaying sleep until 2 am. SWA was quantified with PSA across 4 NREM periods. Men with AD generated the least SWA at baseline. In response to sleep delay, HC men showed the expected SWA enhancement and a sharper exponential decline across NREM periods. Both the MDD and the AD groups showed a significantly blunted SWA response to sleep delay. Men with MDD had the least SWA in the first NREM period (impaired accumulation of sleep drive), whereas men with AD had the slowest SWA decay rate (impaired dissipation of sleep drive). These results suggest that both SWA generation and its homeostatic regulation are impaired in men with either AD or MDD. Finding interventions that selectively improve these different components of sleep homeostasis should be a goal of treatment for AD and MDD.
Introduction
Sleep disturbances are common in both depressed [1, 2] and alcohol-dependent [3] [4] [5] [6] patients. Between 36 and 91% of alcohol-dependent patients report insomnia [7, 8] as do 50-90% of depressed patients [2, 9, 10] . In addition to subjective reports of insomnia, patients with major depressive disorder (MDD) and alcohol dependence (AD) manifest similar abnormalities in visually scored polysomnography (PSG) including impaired sleep continuity, decreased slow wave sleep (SWS), shortened latency to rapid eye movement (REM) sleep (REML), and increased amounts of REM sleep [11] . Computer-analyzed sleep electroencephalography (EEG) abnormalities, particularly deficiencies in delta activity in non-REM (NREM) sleep, known as slow-wave activity (SWA), have also been reported both in those with MDD [2, 12] and in those with AD [13, 14] .
Slow-wave activity provides an important measure of sleep regulation. According to the two-process model [15] , sleep regulation involves a balance between a homeostatic sleep drive (Process S) and a circadian rhythm that maintains wakefulness (Process C). Sleep drive accumulates with the duration of wakefulness, resulting in increasing sleepiness as the day progresses from morning to evening. The circadian rhythm counters the sleep drive, especially in the late afternoon and early evening when it peaks to maintain wakefulness. Process C subsequently begins to decrease as bedtime approaches, at which time sleep drive (Process S) is at its maximum. Experimental evidence suggests that the stronger the sleep drive, the more SWA power is observed during the first NREM period of the night [15] . Thus, SWA during the first NREM period is taken as a measure of sleep drive generation. As sleep progresses during the night, the drive for sleep as well as SWA dissipates in an exponential manner in healthy individuals.
The standard approach to quantifying SWA regulation is to assess the response to a sleep challenge such as sleep restriction or deprivation [16] . Compared with a baseline night of sleep, SWA is typically increased in response to these sleep challenges, particularly in the first NREM episode in recovery sleep, reflecting an increase in homeostatic sleep drive. Our own work has shown that men with MDD have an abnormal SWA response to sleep challenge when compared with healthy controls (HCs), characterized by a lower accumulation of SWA in the first NREM period and a slower dissipation across subsequent NREM periods during sleep [17] . Thus, both the power or amplitude and regulation of SWA are impaired in MDD men. Irwin and colleagues [16] demonstrated that alcoholdependent men also show reduced total SWA power and an overall blunted response to partial sleep deprivation, compared with healthy controls. Although it appeared that SWA impairment was greater in men with AD as reported by Irwin and colleagues [16] than in the MDD men from our own studies [17] , procedural differences between the two studies limit the comparability of SWA in these two clinical groups.
To our knowledge, no studies have analyzed differences in SWA between individuals with AD and those with MDD. We reasoned that similarities or differences in SWA abnormalities in men with either AD or MDD may have important clinical implications. First, MDD and AD frequently co-occur [18] , which may represent a common genetic vulnerability [19, 20] . Comparing sleep regulation between these groups, therefore, is a first step in dissecting and understanding diagnosis-specific contributions versus common vulnerabilities to sleep dysregulation. Second, residual sleep disturbances following acute treatment of either MDD or AD are associated with relapse/recurrence of the respective disorder [7, 21, 22] . Whether recurrence and relapse are related to a common abnormality of sleep regulation across disorders is unknown but may have additional value in understanding their comorbidity. Third, similarities in sleep dysregulation would suggest that both diagnostic groups might respond to similar treatments for their sleep disturbance, whereas differences would suggest that specific tailoring of treatment to each diagnostic group is needed. At present, measuring SWA is neither a diagnostic tool nor a guide to differential therapies, and most pharmacotherapies for treating sleep complaints in patients with either AD or MDD target symptoms, not underlying mechanisms of sleep dysregulation. Nevertheless, behavioral therapies that employ sleep restriction techniques are designed to increase homeostatic drive. Providing therapy based on underlying mechanisms rather than manifest symptoms is a worthwhile goal of future treatment as these mechanisms and their specificity across diagnoses become better understood.
The present study investigated SWA response to a mild sleep challenge, using a 3-h sleep delay paradigm in 20-to 40-year-old men with either MDD or AD, compared with HC men. We hypothesized, on the basis of studies reviewed above [16, 17] , that alcohol-dependent individuals would have greater impairments in both SWA generation (baseline night) and regulation (delay night) than either individuals with MDD or HC.
Methods

Participants
Participants were 30 men, between 20 and 40 years of age, who met criteria for inclusion into one of the three study groups: AD, MDD, or HCs. The study was restricted to this age range and sex group, because SWA varies significantly in relation to these variables among depressed patients [23] . All participants were recruited through a combination of advertisement, posted flyers in affiliated clinics, and clinician or self-referral. Participants with MDD as well as HC participants were recruited separately for another study comparing these two groups [24] ; however, all participants were recruited from the same community and followed identical laboratory procedures at the same sleep laboratory. The research described was approved by the Medical Institutional Review Board at the University of Michigan. All participants signed an informed consent document prior to undergoing study procedures.
Diagnoses of MDD and AD were determined by the Structured Clinical Interview for DSM-IV [25, 26] . Participants with AD met past-year DSM-IV diagnostic criteria [27] for AD. They were excluded if they met DSM-IV criteria for dependence on any other substance except nicotine; if they met current criteria for any mood disorder, anxiety disorder, or eating disorder; or if they had a lifetime diagnosis of bipolar disorder or any psychotic disorder. Comorbid diagnoses for men with MDD were also exclusionary, including a previous history of substance dependence. HCs had no personal or family history of psychopathology. All potential participants that had a medical illness or took medication known to affect sleep were excluded. Potential participants who were suicidal or thought to require antidepressant medication sooner than the study protocol allowed were also excluded and referred to appropriate psychiatric treatment.
Eligible participants with MDD were unmedicated for a minimum of 4 weeks (6 weeks for fluoxetine) and were currently symptomatic as indicated by scores C17 on the 17-item Hamilton Rating Scale for Depression [28] . Men with AD were studied 1-3 months after their last drink (mean 61.6 days, SD = 17.6, range 34-91 days), as determined by the time-line follow-back interview [29, 30] and breath testing. On average, their age at onset of problem drinking was 17.9 (5.7) years with a duration of problem drinking continuing for 12.1 (10.0) years. They scored 16.0 (7.3) on the Obsessive-Compulsive Drinking Scale [31] and 18.1 (10.1) on the Short Inventory of Problems [32] , indicating a moderate degree of severity and problems.
Sleep procedures
All participants kept an 11 pm to 6 am schedule for 5 days prior to their studies in the sleep laboratory. No daytime napping was permitted, and adherence to the schedule at home was verified by actigraphy and sleep diaries. Caffeine was restricted to 2 cups per day. Participants were asked not to drink alcohol or take drugs of abuse during the study. In addition to self-reported intake using the time-line follow-back interview [33] , abstinence was confirmed by breath testing and urine drug screen collection upon arrival to the sleep laboratory each night of study.
Subjects spent 3 consecutive nights in the sleep laboratory for PSG recording. The first night was an adaptation and screening night to rule out primary sleep disorders such as sleep apnea and periodic limb movements in sleep. The second night collected baseline sleep parameters from 11 pm to 6 am, and the third night recorded sleep after a 3-h sleep delay (bedtime at 2 am and rise time at 9 am). The major difference in sleep challenge techniques between early partial sleep deprivation and sleep delay protocols is that time in bed, and consequently the total time available for sleep, is held constant across all nights with the latter protocol. EEG was recorded from C3 and C4, referenced to the earlobes, and connected to a 10-kX resistor to minimize non-homogeneous current flow. The electrode montage also included left and right electro-oculogram (EOG) leads placed on both the upper and lower canthi; a bipolar, chin-cheek electromyography (EMG) lead; leg leads; chest and abdomen respiration bands; and a nasal-oral thermistor.
All electrophysiological signals were transduced by Vitaport III TM digital amplifiers with an equivalent sensitivity of 5 (50 lV, 0.5-s duration calibration) corresponding to a gain of 50,000. For EEG, filter settings were set at 0.3 and 70 Hz. Digital filters attenuate electrical noise. EOG was recorded at a sensitivity equivalent to 5 on AC amplifiers with filter settings at 1 and 35 Hz. EMG was recorded at a sensitivity of 1 with filters at 30 and 100 Hz. All data were digitized at 256 Hz. All digitized signals were displayed in real time in analog form on a computer monitor.
Sleep recordings were scored in 30-s epochs using standard criteria [34] . Sleep continuity variables included sleep-onset latency (SOL), defined as the time from lights out to the first 10-min block of sleep with 8 or more minutes of any sleep stage; total sleep period (TSP) from sleep onset to morning awakening; percentage of TSP spent awake and/or moving; total sleep time (TST), defined as the TSP minus time spent awake and/or moving; and sleep efficiency (SE), defined as the TST divided by the time in bed X 100%. Sleep stage variables included the percentages of TSP spent in stage 1 and stage 2, slow-wave sleep (SWS; defined as stage 3 ? stage 4 sleep), and REM sleep (REM%). REM latency was defined as the minutes from sleep onset to the first epoch of REM sleep. REM density, reflecting the number of eye movements in REM sleep, was scored on a 0-5 scale.
Quantifying SWA During visual scoring, epochs were tagged for artifact rejection. Epochs with any movement or electrical artifact, baseline shift, or electrode problems were excluded from analysis. Power spectral analysis (PSA) was performed on digitized EEG signals. Although the full EEG spectrum was quantified at all sites, primary statistical analyses focused on delta (0.5 to \ 4 Hz) power from PSA.
The PSA algorithm, based on a fast Fourier transform, was taken from Press et al. [35] , processing data in 2-s epochs (512 samples for each 2 s) with a Hanning window taper. The PSA generates power (area under the curve) in the delta band (0.5-3.9 Hz), expressed as lV 2 . Delta power was then averaged in 30-s epochs to provide identical epoch lengths to the stage-score data. The delta power data were then sorted by NREM period (determined by stage-score data), separately for each subject on baseline and sleep delay nights to compare SWA among groups. The definition of NREM periods closely follows that outlined by Dijk et al. [36] [37] [38] [39] [40] [41] [42] and Feinberg's group [43] . NREM periods were defined as the succession of stages 2, 3, or 4 of C15 min in duration and terminated by REM sleep or a period of wakefulness of at least 5 min. Stage 1 sleep epochs were excluded from delta power calculations. No minimum REM duration was required for the first or last REM period. For each subject, delta power was summed and then averaged relative to the number of epochs in each NREM period, henceforth referred to as SWA.
Data analyses
Data were coded for group (AD, MDD, and HC), and a repeated-measures multivariate analysis of variance (MA-NOVA) was performed entering the two nights as the within-subject repeated measure, the three diagnostic groups as the between-subject variable, and visually scored PSG measures as the dependent variables. Main and interaction effects were considered significant in the multivariate analysis using a P value of 0.05.
To analyze SWA measures, repeated-measures ANOVA testing was performed separately for each night of study using NREM periods as a four-level repeated measure. To insure that potential SWA differences across NREM periods were not an artifact of differences in either the duration or time to onset of each NREM period, we compared these measures between groups. No significant differences were found. For the baseline night, the SWA measure was entered for each NREM period. For the 3-h sleep delay night, SWA for each NREM period was computed as a percentage of each participant's average SWA across the baseline night (%SWA) to normalize power across subjects. Regression analyses were used to describe the time course of %SWA in each group. All SWA statistical analyses were conducted using SAS TM general linear models, or mixed model analysis, and regression routines.
Results
Demographic data for the three groups are shown in Table 1 . The three groups did not differ in terms of age, ethnicity, and employment status but did differ in their education and marital status. Men with AD were less educated than either the MDD or HC group, and they were less likely to be married and more likely to be divorced than the other two groups.
The visually scored PSG variables for the three diagnostic groups and two nights of study are presented in Table 2 . A repeated-measures MANOVA, including all visually scored PSG variables except TSP, revealed an overall significant group effect (F [18, 38] = 2.10, P = 0.027), a significant sleep delay effect (F = [9, 19] 2.59, P = 0.039), and no significant overall interaction between sleep delay and diagnostic group. Significant differences from the baseline to delay nights included SL (P = 0.033), stage 2% (P = 0.023), and REM latency (P = 0.003). All three measures were significantly shortened on the delay night compared with the baseline night. Post hoc comparisons using the Tukey honestly significant difference test revealed significant group differences (P \ 0.05) for SE, stage 1%, stage 2%, and REM latency. All of these differences involved the AD group except stage 2%, for which the MDD group scored significantly lower than HCs. The AD group had significantly lower SE than the MDD group, but otherwise did not differ from it. Compared with the HC group, however, the AD group had significantly less stage 1% sleep and a shorter REM latency.
With regard to SWA at baseline, significant multivariate effects were observed for NREM period (F [3, 25] = 39.79, P \ 0.0005) and group (F [2, 27] = 10.8, P \ 0.0005), but not for an interaction between them. Post hoc contrasts revealed that men with AD had significantly lower SWA averaged across the four NREM periods than either the HC (mean difference ± SE = 96.4 ± 23.4 lV ; P = 0.001) groups. When examined by period, the AD group had the lowest SWA which was statistically significant compared with HC men in the first, third, and fourth NREM periods and with MDD men in the third NREM period (Fig. 1) . Moreover, there was no evidence of a systematic decline in SWA across the night for the AD group. By contrast, HC and MDD men had more SWA in the first NREM period than in latter NREM periods. With regard to SWA regulation (Fig. 2) , the repeatedmeasures ANOVA on %SWA (SWA on the delay night expressed relative to baseline) revealed a significant timeof-night by group interaction (F [6, 50] = 2.64, P = 0.027). HC men showed the greatest response to challenge, accumulating 150% of baseline SWA in the first NREM period of the delay night, with a very rapid decline over total NREM sleep time (Fig. 2) . The MDD men showed a blunted response to sleep delay with minimal differences from the first to fourth NREM periods. By contrast, the men with AD showed an intermediate SWA response to sleep delay in the first NREM period, although still significantly lower than HC men. Moreover, %SWA did not decline significantly from the first to second NREM period in the AD group.
Regression analyses were used to quantify betweengroup differences in the accumulation and dissipation of SWA in response to challenge. Exponential regression analyses were computed on %SWA response to sleep delay, separately for each group, using the model y = b* e ). MDD men showed a lower initial accumulation and slower dissipation of %SWA (y = 137.57e -0.15 ) outside the 95% confidence interval of HC men. Those with AD showed a significantly lower accumulation of %SWA than HC men, but higher than those with MDD. The rate of decay was slower in AD men than in either HC or MDD men (y = 159.52e
). However, the shape of the decline in %SWA appeared different visually (Fig. 2) ; exponential in HC, linear in MDD, and curvilinear in the AD group. To evaluate this possibility, linear and polynomial equations were also applied to the %SWA data.
A linear equation provided the best fit for those with MDD (r 2 = 0.91) compared with HC (r 2 = 0.81) and the worst fit in the ADD group (r 2 = 0.70). By contrast, a fourth-order polynomial provided the best goodness fit for %SWA in the AD group (r 2 = 0.99), compared with HCs (r 2 = 0.77) or the MDD group (r 2 = 0.49).
Discussion
This study had three major findings. First, baseline SWA was lower in AD men than in either HC or MDD men, indicating impaired generation of SWA and sleep drive. Second, homeostatic regulation of SWA was impaired in both MDD and AD men when compared with HC men, as indicated by their decreased accumulation of %SWA in the first NREM period as well as their abnormal course of %SWA dissipation across NREM periods on the delay night. Third, the regulation of SWA was most abnormal in men with AD, who had the slowest %SWA dissipation across NREM sleep time. Moreover, neither linear nor exponential functions provided a good fit for the %SWA changes across the night for the AD group, in contrast to the MDD and HC groups. It has been suggested that the initial accumulation of %SWA in response to sleep challenge reflects the increased sleep debt accumulated during extended wakefulness [15, 40] . On the other hand, the rate of decay of %SWA has been conceptualized as the speed of recovery from increased sleep debt. Interpreted in this context, our findings suggest that neither men with MDD nor those with AD have accumulated as much sleep debt as HCs when exposed to a mild sleep challenge. However, the recovery from sleep challenge, reflected in the rate of decay of %SWA, is more impaired in AD men than in those with MDD. These findings suggest that both the generation and regulation of SWA are impaired in AD and MDD men, but it is primarily the accumulation of sleep debt that captures homeostatic impairment in men with MDD, whereas men with AD show the greatest impairment in recovery from sleep debt. These findings also suggest that different mechanisms underlie SWA abnormalities in men with either MDD or AD. This is the first study to our knowledge that compares alcohol-dependent and depressed individuals in terms of their SWA parameters. While both disorders have been shown previously and independently to be characterized by decreased generation of SWA and impaired homeostatic regulation [2, 16] , this study suggests that these deficiencies may be more complex in AD than in MDD. The impairment of homeostatic sleep drive functioning may underlie and explain prolonged disturbances in both objectively observed and subjectively perceived sleep among AD patients despite abstinence from alcohol [3, 5, 6] . These sleep disturbances constitute a clinical challenge when treating AD patients [44] [45] [46] that are commonly treated with sedating antidepressants, anticonvulsants, and antipsychotic medication [47] . Such treatment is provided without good evidence for effectiveness and in the absence of understanding the mechanisms of sleep disturbance [48] . This study adds to our knowledge about the mechanisms involved and suggests that treatment may need to target and enhance the homeostatic sleep drive in order to be effective.
Further studies would be useful to compare individuals with co-occurring MDD and AD to those with either disorder alone. Several reports by Gillin et al. [49] [50] [51] and one report by Gann et al. [52] compared visually scored sleep architecture in patients with AD and those with MDD, but no studies have directly compared these two diagnostic groups in terms of SWA generation and regulation. The study by Gann et al. [52] found that AD patients had significantly less SWS% than both MDD patients and control participants. We did not replicate that result here. In fact, our HC men had a lower percentage of SWS than the men with either AD or MDD, although these differences were not statistically significant (Table 2 ). It may be that SWA is a more sensitive indicator of differences between the two groups than SWS. To remind the reader, SWS only captures delta waves in excess of 75 lV, whereas SWA measures are derived from EEG activity in the delta frequency regardless of amplitude.
It is also unusual that men with AD in this study had significantly less stage 1% sleep than HC men. The reason for this finding is unexplained, but it was unlikely to have any effect on the primary study results involving SWA and sleep homeostasis.
Short REM latency has been associated with recurrent depression [1] and predicts relapse to drinking in AD patients [53, 54] . While the sleep delay paradigm in the present study elicited shorter REM latency in both the MDD and AD groups, only the AD group showed significantly shorter REM latency than HC men. In terms of sleep microarchitecture, increased b-frequency activity during sleep may predict alcoholic relapse [55] and temporal incoherence may predict recurrent major depression [2] .
Nevertheless, evidence that treating sleep disturbances in AD patients will prevent relapse is lacking [7, 46] .
Limitations of this study include small sample size and sample selection bias so that it cannot be assumed that these results would necessarily generalize to other samples of AD and MDD. Moreover, the entire sample was men, and studies in MDD suggest that men and women have different SWA characteristics [2, 23] . Specifically, depressed men are more likely to have impaired sleep homeostasis than depressed women. The age range was also restricted in this study from 20 to 40 years, although age effects on sleep are important in both MDD [2, 23] and AD [56] . Finally, there were only two African Americans in the study. One study reported that African Americans with AD have lower baseline delta power than either European Americans with AD or healthy controls [13] . Therefore, future studies will need to employ larger samples that include both men and women of different ages, as well as diverse ethnic groups.
In summary, men with AD have greater impairment in both the generation and regulation of homeostatic sleep drive than either men with MDD or HCs, which may explain in part the commonly described disturbances in their sleep as observed in the laboratory and clinical practice. While the small sample size, restricted age range, and exclusive male representation limit the generalizability of findings, this is the first study to our knowledge that compares the two diagnostic groups with HCs using SWA measures under baseline and sleep delay conditions to describe differences in homeostatic sleep drive. Further studies are indicated to confirm and extend these findings. If confirmed, then interventions for sleep disturbance in men with AD or MDD might optimally need to target SWA dysregulation, and corresponding research should determine the effects of such treatment on the course of the primary disorder as well as on sleep. Finally, the differences between the AD and MDD groups in terms of SWA dysregulation (i.e., accumulation of sleep debt vs. recovery from sleep debt) suggest that treating their sleep disturbances may require disorderspecific approaches.
